Introduction {#Sec1}
============

Diabetic foot ulcers have been a major clinical challenge. The incidence of foot ulcers is \~25% in diabetic patients, and unfortunately, 14%--24% of these patients require amputation as a consequence of inefficient healing \[[@CR1]\]. The healing process of diabetic ulcers involves three overlapping but gradual phases: inflammatory, proliferative, and remodeling \[[@CR2]\], which are related to a series of complex and dynamic biological events. Any failures or defects in these biological events, such as excessive inflammatory cell infiltration, inefficient angiogenesis, or an imbalance of collagen synthesis and degradation, may influence the subtle equilibrium, resulting in disordered healing and scar complications. Unfortunately, inefficient healing and scarring always emerge in diabetic wounds in mammals, consequently causing psychological trauma, disfigurement, and loss of function.

Many bioactive scaffolds have been reported to achieve wound healing, e.g., chitosan--hyaluronic acid composite sponge scaffolds \[[@CR3]\], collagen scaffolds \[[@CR4]\], gelatin hydrogels \[[@CR5]\], and dextran hydrogel scaffolds \[[@CR6]\]. Most of these scaffolds serve as antimicrobial, antioxidant, anti-inflammatory, or proangiogenic dressings for enhanced tissue regeneration. These wound dressings can improve wound healing to some extent. However, focusing on a single mechanism may be insufficient to meet the requirements of the three gradual and complex biological processes of wound healing. Notably, it has been reported that early gestation fetal wounds can be healed scarlessly, with representative characteristics of neovasculature and dermal appendages, similar to normal skin. Compared with mammals, the key factors responsible for scarless embryonic healing involve reduced inflammatory cell infiltration in the inflammatory phase, a high content of hyaluronic acid that promotes angiogenesis in the proliferative phase and arrangement of collagen into a network in the remodeling phase \[[@CR7], [@CR8]\]. One of the major aglycones of dammarane-type tetracyclic triterpenoid saponins found in *Panax notoginseng* (Burk.) F. H. Chen, a medicinal herb widely used for the treatment of hemorrhage, blood stasis, bruises, swelling, and pain, is 20(*S*)-protopanaxadiol (PPD). Recently, PPD has been reported to be effective in diabetic wound healing due to its anti-inflammatory and pro-neovascularization activities \[[@CR9], [@CR10]\]. However, its low solubility has greatly limited its application. Therefore, a novel nanostructured lipid carrier (NLC) was used to embed PPD to increase its solubility and drug-loading (DL) efficiency. Silicone elastomer has been reported to be effective in wound healing and scar repair \[[@CR11], [@CR12]\]. Silicone elastomer is a crosslinked siloxane polymer with a three-dimensional network structure that has been reported to regulate collagen deposition through hydration \[[@CR13], [@CR14]\] and static electric field induction \[[@CR15], [@CR16]\] and therefore achieve scarless healing.

Based on the above-mentioned reasoning, we propose the concept of ordered recovery for scarless healing, which can ensure that the three wound phases proceed in accordance with the theoretical healing process, accelerating the wound healing process and simultaneously blocking the factors that may cause scars. To achieve ordered diabetic wound recovery, PPD-loaded nanostructured lipid carriers (PPD-NS) were prepared and dispersed in the three-dimensional network structure of a silicone elastomer. After careful characterization of in vitro anti-inflammatory and proangiogenic capacity and the in vivo inflammatory response, angiogenesis and collagen deposition were systematically evaluated. Owing to the synergistic effects of PPD-N particles and silicone elastomer in preventing inflammation, promoting angiogenesis, and regulating collagen deposition during the inflammatory, proliferative, and remodeling phases, respectively, ordered recovery was achieved during the healing process of diabetic ulcers, and the tissue was completely regenerated without scars. These results demonstrate that PPD-NS may qualify as a promising drug delivery system for scarless diabetic ulcer recovery.

Materials and methods {#Sec2}
=====================

Materials {#Sec3}
---------

The 20(S)-PPD was provided by Shanghai R&D Center for Standardization of Chinese Medicines (purity \> 98%, high-performance liquid chromatography (HPLC)). Silicone elastomer was kindly donated by Yuyu New Material Co., Ltd. (China). Glyceryl monostearate (GMS) was purchased from Hunan Ercan Pharmaceutical Co., Ltd. (China). Pluronic F-68 (F-68) was purchased from BASF (Germany). Medium-chain triglycerides (MCT) were acquired from GATTEFOSSé (France). HUVECs were obtained from ScienCell Research Laboratories (San Diego, CA, USA) and RAW264.7 cells were provided by the American Type Culture Collection (USA).

Preparation of the PPD-N and PPD-NS formulations {#Sec4}
------------------------------------------------

PPD-N was prepared through an emulsion evaporation-solidification method with modifications \[[@CR17]\]. Briefly, PPD, GMS, and MCT were dissolved in anhydrous ethanol and heated to 85 °C, and the mixture was stirred at 85 °C for 30 min to remove the ethanol. Meanwhile, 5 mL of deionized water containing surfactant (Tween 80 and Pluronic F-68 at a ratio of 2:1) was heated to 85 °C. Then, the aqueous phase was added to the oil phase under mechanical shearing at 12000 r/min for 5 min to obtain the pre-emulsion. The pre-emulsion was further treated with a probe-type sonicator (Scientz-II D) at 30 W for 1 min, and the PPD-N dispersion was obtained.

PPD-NS was prepared by mixing silicone elastomer and the PPD-N dispersion at a ratio of 1:100 (w:w) \[[@CR18]\] and stirring for 3 h to obtain a homogenous mixture.

Characterization of PPD-N and PPD-NS {#Sec5}
------------------------------------

### The morphology, particle size, and zeta potential {#Sec6}

The average particle size, polydispersity index (PDI), and zeta potential of the PPD-N particles and bare nanostructured lipid carriers were characterized using a ZetaSizer Nano ZS90 (Malvern Instruments Co., Ltd., Malvern, UK). The morphology of nanostructured lipid carriers after vacuum drying was observed by scanning electron microscopy (SEM, XL30, Philips). The silicone elastomer network was observed by cryo-scanning electron microscopy (Hitachi su8010).

### Determination of encapsulation efficiency (EE) and DL {#Sec7}

The EE and DL ability of PPD-N particles were detected using an ultrafiltration tube (MWCO 8 kDa) \[[@CR19]\]. PPD-N dispersions were filtered to obtain free PPD and then assayed to obtain the amount of free PPD by an Agilent 1200 HPLC system (Agilent Technologies, Inc., Santa Clara, CA). The EE and DL abilities were calculated as follows:$$\documentclass[12pt]{minimal}
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### Differential scanning calorimetry (DSC) {#Sec8}

DSC analysis was conducted to observe the structural organization state of the lipids \[[@CR20]\]. Before measurements, nanostructured lipid carriers were lyophilized (PiloFD, Gold-Sim) and evaluated by DSC analysis (Q2000, NCC) at 25--150 °C with a heating rate of 10 °C/min.

### In vitro release studies {#Sec9}

A drug release study was performed with a dialysis bag \[[@CR4]\]. Briefly, a dialysis bag (molecular cutoff of 8000--14 000) was prepared according to the instructions provided by Sigma. The release medium was 1 mM phosphate-buffered saline (PBS, pH 7.4) containing 5% Labrasol and 1% Tween 80. PPD-SOL (2 mL), PPD-N (2 mL), and PPD-NS (2 g), at the same concentration of 6 mg/mL (or 6 mg/g), were placed in dialysis bags and immersed in bottles containing 70 mL of the release medium. The bottles were capped and placed on a thermostatic shaker at 37 ± 0.5 °C and 100 r/min. Samples (1 mL) were taken at scheduled time intervals and evaluated by HPLC (*n* = 3).

### Evaluation of anti-inflammatory activity in vitro {#Sec10}

RAW264.7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) at 37 °C in a 5% CO~2~ environment. To evaluate cell cytotoxicity, RAW264.7 cells were seeded into 96-well plates at a concentration of 3 × 10^4^ cells/well, and 10 μM concentrations of the PPD formulations were applied for 24 h. Cell cytotoxicity was determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) \[[@CR21]\].

To determine the NO content in the cell supernatant, RAW264.7 cells were seeded into 48-well plates (5 × 10^4^ cells/well) and coincubated with PPD formulations (10 μM) for 2 h at 37 °C in a CO~2~ incubator. Lipopolysaccharide (LPS, 100 ng/mL) was added to the culture and incubated for 22 h. The content of nitrite in the medium was measured using Griess reagent, which reflected the NO levels \[[@CR22]\].

### Evaluation of angiogenesis activity in vitro {#Sec11}

HUVECs were cultured in DMEM at 37 °C in a 5% CO~2~ environment. To evaluate cell viability, HUVECs were seeded into 96-well plates at a concentration of 5 × 10^3^ cells/well, and 2.5 μM of PPD formulations were applied for 24 h. Cell viability was determined by MTT \[[@CR21]\].

To detect cell migration activity, HUVECs were seeded in a 12-well plate (3.0 × 10^5^ cells/well) and placed at 37 °C in a 5% CO~2~ incubator. When the cell confluence reached 90%, scratches of the same width were made with a pipette tip and treated with 2.5 μM concentrations of PPD formulations for 24--48 h. Photos were taken under an inverted microscope and quantified with ImageJ software \[[@CR23], [@CR24]\].

To investigate the effect of PPD formulations on angiogenesis in vitro, HUVECs were seeded on Matrigel (BD Biosciences, USA), which was used to precoat a 96-well plate. The samples were incubated with the PPD formulations for 8 h. Tube networks were quantified by quantifying the number of nodes under an inverted microscope (Olympus CKX41, Tokyo, Japan) \[[@CR25]\].

In vivo wound healing {#Sec12}
---------------------

### Excisional wound splinting model {#Sec13}

Twelve-week-old male mice (Lepr db/JNju, *db/db*) with hyperglycemia (27.3 ± 7.7 mM) were obtained from the Biomedical Research Institute of Nanjing University (Nanjing, China). All animal experiments were conducted in compliance with the Guide for the Care and Use of Laboratory Animals and the Institutional Animal Care guidelines approved by the Experimental Animal Ethical Committee of Shanghai University of Traditional Chinese Medicine. Full-thickness skin excision wounds (6 mm in diameter) were made according to the literature \[[@CR26]\]. The animals were then divided into four groups: PBS, PPD suspension (PPD-S), PPD-N, and PPD-NS, with treatments locally delivered at the wound sites every 2 days in 15-μL or 15-mg doses. Wound appearance was recorded by a digital camera at different post-wounding time points and analyzed with ImageJ software.$$\documentclass[12pt]{minimal}
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### Histological staining {#Sec14}

The wound specimens were fixed in 4% paraformaldehyde and embedded in paraffin at different time intervals. Skin tissues were then examined through hematoxylin and eosin (H&E) staining, Masson's trichrome staining, and Sirius staining \[[@CR27]\].

### CD31 immunohistological staining {#Sec15}

Angiogenesis in vivo was detected through CD31 immunohistological staining with the help of a rabbit anti-mouse CD31 antibody (Abcam) \[[@CR28]\]. Images were obtained from four random fields and quantified with ImageJ software.

### ELISA assay {#Sec16}

The protein levels of TNF-α, IL-6, and CXCL5 in the inflammatory phase and VEGF in the proliferative phase at the wound sites were assayed by an ELISA kit (Sbjbio) according to the manufacturer's instructions \[[@CR29], [@CR30]\].

### Statistical analysis {#Sec17}

All data are presented as the mean ± standard deviation. Comparisons of different experimental groups were tested using two-way ANOVA followed by Tukey's multiple comparison test with GraphPad Prism 5.0. A value of *P* \< 0.05 was defined as statistically significant.

Results {#Sec18}
=======

Characterization of PPD-N and PPD-NS {#Sec19}
------------------------------------

PPD-N was prepared through the emulsion evaporation-solidification method. The basic properties of bare and PPD-loaded NLC formulations are listed in Table [1](#Tab1){ref-type="table"}. The particle sizes of PPD-N (111.4 ± 5.9 nm) were higher than those of the bare formulations (99.2 ± 5.5 nm). The PDI was \~0.2 for both formulations. The surface of the NLC was surrounded by negative charges, and the absolute value was close to 30 mV. In addition, the EE of PPD-N was as high as 97.9% ± 1.51%, with DL percentages up to 9.8% ± 0.29%.Table 1Particle size distribution, zeta potential, and entrapment efficiency of PPD-N and bare N (*n* = 3)Content*Z* averagePDIZetaEE (%)DL (%)Bare N99.2 ± 5.50.16 ± 0.07−34.8 ± 4.0//PPD-N111.4 ± 5.90.21 ± 0.04−33.2 ± 5.597.9 ± 1.519.8 ± 0.29

The morphology of the NLC (Fig. [1a](#Fig1){ref-type="fig"}) indicated spherical, uniformly distributed nanometer-sized particles, consistent with the results measured by ZetaSizer (Fig. [1b](#Fig1){ref-type="fig"}). Field emission cryo-scanning electron microscopy images are shown in Fig. [1c](#Fig1){ref-type="fig"}. The appearance of silicone elastomer suggested an interconnected porous architecture with apertures ranging from 300 to 600 nm in size. The images of PPD-NS showed the homogeneous distribution of PPD-N particles throughout the silicone elastomer network.Fig. 1Formulation characterization. **a** SEM images of PPD-N; scale bars, 50 and 500 nm. **b** Particle size of PPD-N. **c** Fro-SEM images of (i) silicone elastomer without nanostructured lipid carriers and (ii) silicone elastomer impregnated with nanostructured lipid carriers; scale bars, 200 nm and 2 μm. **d** DSC thermograms of GMS, F-68, the physical mixture, and the NLC formulation. **e** In vitro release profile of PPD from PPD-SOL, PPD-N, and PPD-NS (*n* = 3)

DSC analysis (Fig. [1d](#Fig1){ref-type="fig"}) showed that the thermograms of GMS and F-68 showed a specific endothermic melting peak at \~60 °C and 51 °C, respectively. There were no obvious changes in the physical mixture, while the melting peak of GMS significantly decreased and the dissolution temperature decreased from 60 °C to 52 °C in the lyophilized NLC.

In vitro release profiles are shown in Fig. [1e](#Fig1){ref-type="fig"}. The release curve from PPD-N and PPD-NS demonstrated a biphasic trend characterized by rapid release for the initial 24 h, accompanied by a sustained-release phase. In 24 h, 90.74% ± 3.23% of the PPD was released from PPD-SOL. From PPD-N and PPD-NS, 60.65% ± 2.47% and 42.11% ± 1.24% of the PPD, respectively, became available. In 72 h, 93.40% ± 1.61% of the PPD became available from PPD-SOL. The accumulated amount of PPD released from PPD-NS was \~72.92% ± 2.02%, which was significantly lower than that of PPD-N (85.84% ± 2.39%).

Anti-inflammatory potential in vitro {#Sec20}
------------------------------------

Prior to the evaluation of anti-inflammatory activities, the cytotoxicity of PPD formulations in RAW264.7 cells was examined by an MTT assay. Fig. [2a](#Fig2){ref-type="fig"} shows that there was no significant difference in cell viability at concentrations of 5 and 10 μM, while cell viability decreased to 63.35% ± 2.75% after treatment with 20 μM, suggesting that PPD formulations at 10 μM had no significant cytotoxic effect on RAW264.7 cells. Accordingly, formulations at a concentration of 10 μM were selected for continuing the following experiments.Fig. 2Characterization of anti-inflammatory activity in vitro. **a** Cytotoxicity of PPD formulations in RAW264.7 cells treated with PPD formulations for 24 h. **b** NO level in RAW264.7 cells. The LPS-treated group was included as a control. ^\*^*P* *\<* 0.05, ^\*\*^*P* *\<* 0.01, ^\*\*\*^*P* *\<* 0.001

To determine the anti-inflammatory potential of the formulations, the level of NO in the cell supernatant was detected using Griess reagent. The results showed that the NO levels in RAW264.7 cells remarkably increased under stimulation with LPS (*P* \< 0.001). However, pretreatment with PPD formulations could obviously reduce the NO level (Fig. [2b](#Fig2){ref-type="fig"}). Compared with PPD-SOL, there was significant NO inhibition with PPD-N (*P* \< 0.01) and PPD-NS (*P* \< 0.05), indicating their good anti-inflammatory potential.

Angiogenesis activity in vitro {#Sec21}
------------------------------

Our previous work suggested that PPD at 2.5 μM had good proangiogenic capacity by promoting the secretion of VEGF, which enhanced tissue regeneration \[[@CR9]\]. Therefore, in vitro angiogenesis, cell proliferation, and migration assays were conducted to test the proangiogenic ability of PPD formulations. As shown in Fig. [3a](#Fig3){ref-type="fig"}, HUVECs in the PPD-treated groups formed integrated network structures on the Matrigel after 8 h. Compared with that in cells treated with PPD-SOL, there was a significant increase in the number of tubes in cells treated with PPD-N (*P* \< 0.05), especially in the PPD-NS groups (*P* \< 0.05), which possessed the most tubes (Fig. [3c](#Fig3){ref-type="fig"}).Fig. 3Characterization of proangiogenic activity in vitro. **a** Angiogenesis of HUVECs incubated with the control (I), PPD-SOL (II), PPD-N (III), and PPD-NS (IV). Scale bars, 250 μm. **b** Representative images of the migration of HUVECs. **c** Quantitative analysis of tube nodes in each field. **d** Cell viability after treatment with PPD formulations. **e** Quantitative analysis of the migration rate by ImageJ software. ^\*^*P* *\<* 0.05, ^\*\*^*P* \< 0.01

In addition, cell proliferation and migration were investigated. Compared with that in the PPD-SOL group, cell viability in the PPD-N group was significantly enhanced (*P* \< 0.05), while there was no significant difference compared with the PPD-NS group (Fig. [3d](#Fig3){ref-type="fig"}). The cell migration results are shown in Fig. [3b](#Fig3){ref-type="fig"}. Initially, scratches of the same width were made on the bottom of each well, and the scratched wound area was obviously reduced in 24 h, especially after incubation with PPD-N (*P* \< 0.05) and PPD-NS (*P* \< 0.01). At 48 h, the scratched area was almost closed in the PPD-NS group, while the closure rate was only 56.89% ± 5.81% in the PPD-SOL group (Fig. [3e](#Fig3){ref-type="fig"}).

In vivo wound healing {#Sec22}
---------------------

### PPD-NS promoted ordered diabetic ulcer healing {#Sec23}

To assess the wound healing potential of PPD-NS, in vivo pharmacodynamic evaluation was carried out on *db/db* diabetic mice with excisional wounds. As shown in Fig. [4a](#Fig4){ref-type="fig"}, the cumulative wound contraction rate of the PPD-NS-treated group (98.18% ± 3.07%, *P* \< 0.01) was significantly higher than that of the PBS (71.67% ± 12.4%) and PPD-S (86.52% ± 9.92%) groups. However, there was no significant difference compared with the PPD-N-treated groups (94.72% ± 6.48%) (Fig. [4c](#Fig4){ref-type="fig"}). Wounds in the PPD-NS group were fully closed without scars, native to unwounded tissue, while there were scars in the PPD-N group (as indicated by a yellow arrow). These wound closure rates matched well with the results of the wound scratch assay in vitro.Fig. 4In vivo wound healing efficacy. **a** Wound appearance after treatment with different formulations. Arrows indicate scars. Scale bars, 6 mm. **b** Microphotographs of H&E-stained wound specimens. Scale bars, 1 mm. **c** Quantitative analysis of the cumulative healing rate in different phases: inflammatory (i), proliferative (ii), and remodeling (iii). **d**, **e** Measurements of epithelial gap length (EG) and granulation tissue area (GT). ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001

Tissue specimens at different time intervals were evaluated by H&E staining (Fig. [4b](#Fig4){ref-type="fig"}). Statistical analysis demonstrated that the epithelial gap in the PPD-N and PPD-NS groups narrowed significantly faster than that in the PPD-S group at 14 and 21 days (Fig. [4d](#Fig4){ref-type="fig"}). Granulation tissue formed gradually at the wound site and filled the wound lesion completely on the 21th day in the PPD-NS group, while there were fewer granulation tissues in the PPD-S group (Fig. [4e](#Fig4){ref-type="fig"}). Tissue staining results analyzed by ImageJ software were consistent with the microscopy study.

### PPD-NS suppressed inflammation in the inflammatory phase {#Sec24}

Specimens at days 3 and 7 were analyzed by H&E staining (Fig. [5a](#Fig5){ref-type="fig"}). Compared with that in the PBS group, the number of inflammatory cells was reduced in all PPD-treated groups. Compared with PPD-S, there was a significant reduction of inflammatory cells in the PPD-N (*P* \< 0.05) and PPD-NS groups (*P* \< 0.01) at day 7 (Fig. [5b](#Fig5){ref-type="fig"}).Fig. 5In vivo anti-inflammatory efficacy. **a** Images of inflammatory cell infiltration at the wound sites. Arrows indicate inflammatory cells. Scale bars, 250 μm. **b** Quantitative analysis with ImageJ software. **c**--**e** Effect of PPD formulations on the levels of TNF-α, IL-6, and CXCL5 in wounds at day 7. ^\*^*P* *\<* 0.05, ^\*\*^*P* *\<* 0.01, ^\*\*^*P* *\<* 0.001

According to the literature, reductions in proinflammatory cytokines \[[@CR31], [@CR32]\] and chemokines \[[@CR33], [@CR34]\] are important indicators for evaluating the regression of inflammation. Thus, the concentrations of proinflammatory cytokines (TNF-α and IL-6) and chemokines (CXCL5) were determined with ELISA kit, and the samples were prepared from the animal wound tissues on day 7. As a result, compared with PPD-S, treatment with PPD-NS showed significant inhibition of inflammation responses by reducing the levels of TNF-α, IL-6, and CXCL5 (Fig. [5c](#Fig5){ref-type="fig"}--e: TNF-α, PPD-S: 628.53 ± 30.40 pg/mL; PPD-NS: 480.02 ± 15.00 pg/mL; PPD-S vs PPD-NS: *P* \< 0.001; IL-6, PPD-S: 108.86 ± 4.84 pg/mL; PPD-NS: 61.36 ± 3.20 pg/mL; PPD-S vs PPD-NS: *P* \< 0.001; CXCL5, PPD-S: 3536.02 ± 169.83 pg/mL; PPD-NS: 2653.84 ± 156.00 pg/mL; PPD-S vs PPD-NS: *P* \< 0.01).

### PPD-NS promoted angiogenesis in the proliferative phase {#Sec25}

Specimens at days 7, 14, and 21 were analyzed by CD31 immunohistological staining (Fig. [6a](#Fig6){ref-type="fig"}). The results revealed negligible newly formed blood vessels in the PBS group, and small blood vessels (indicated by red arrows) were observed in the PPD-S group. In comparison, an increasing number of blood vessels were formed in the PPD-N groups, especially in the PPD-NS group (Fig. [6b](#Fig6){ref-type="fig"}). Simultaneously, compared with PPD-S, the protein levels of VEGF in the PPD-N group were significantly increased (Fig. [6c](#Fig6){ref-type="fig"}: VEGF at day 14, PPD-S: 200.34 ± 16.14 pg/mL; PPD-NS: 270.95 ± 11.10 pg/mL; PPD-S vs PPD-NS: *P* \< 0.001; VEGF at day 21, PPD-S: 207.83 ± 18.72 pg/mL; PPD-NS: 240.33 ± 4.38 pg/mL; PPD-S vs PPD-NS: *P* \< 0.001).Fig. 6In vivo proangiogenic efficacy. **a** IHC staining with CD31. Arrows indicate newly formed blood vessels. Scale bars, 250 μm. **b** Quantitative analysis of angiogenesis. **c** Effect of PPD formulations on the level of VEGF in wounds at days 7, 14, and 21. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001

### PPD-NS regulated collagen deposition in the remodeling phase {#Sec26}

Masson's trichrome staining was used to examine collagen deposition. As shown in Fig. [7a](#Fig7){ref-type="fig"}, the collagen content of the wound region gradually increased at different time intervals. Compared with the PPD-S group, there was more collagen deposited in the PPD-N (*P* \< 0.01) and PPD-NS (*P* \< 0.05) groups at 21 days (Fig. [7b](#Fig7){ref-type="fig"}). Moreover, the collagen deposited in the PPD-NS group had a multiangle orientation, generating a whirled reticular status with obvious skin appendages. Conversely, collagen was flat against and parallel to the epidermis devoid of skin appendages with characteristics of scars in the PPD-N group. The collagen fibrils were loosely arranged and irregular in the PBS and PPD solution groups.Fig. 7In vivo collagen regulation efficacy. **a** Collagen deposition at wound sites. Arrows indicate skin appendages. Scale bars, 250 and 100 μm. **b** Quantitative analysis of collagen content with ImageJ software. **c** Sirius red staining at 21 days post wounding in the groups treated with PBS (I), PPD-S (II), PPD-N (III), and PPD-NS (IV). Scale bars, 100 μm. **d** Relative proportion of type I/type III collagen. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01

Sirius staining was used to distinguish between type I and type III collagen; type I collagen was stained yellow/red, and type III collagen was stained green. From Fig. [7c](#Fig7){ref-type="fig"}, there was gradually enhanced green fluorescence intensity in the PPD-NS group, while substantial red/yellow fluorescence was observed in the PPD-N and PPD-S groups, revealing that there was a lower ratio of type I/III collagen in the PPD-NS group. The relative proportion of type I/III collagen in each group is shown in Fig. [7d](#Fig7){ref-type="fig"}, which was consistent with the results observed under the microscope.

Discussion {#Sec27}
==========

Diabetic ulcers are healed by a complex biological process that involves three overlapping but gradual phases: inflammatory, proliferative, and remodeling \[[@CR2]\]. Any disruption of biological balance, such as excessive inflammation, inefficient angiogenesis, or abnormal collagen deposition may lead to a series of disordered and complicated biological events, ultimately resulting in inefficient diabetic ulcer healing and scar formation. Many wound dressings have been reported for wound healing and scar repair. Most of these dressings serve as antimicrobial, anti-inflammatory, proangiogenic, or collagen-regulatory dressings for enhanced tissue regeneration. However, focusing on a single mechanism is insufficient to achieve functional tissue regeneration. Herein, a composite mechanism involving the synergy of PPD-NS was proposed, which inhibited inflammation in the inflammatory phase, promoted angiogenesis in the proliferative phase, and regulated collagen deposition in the remodeling phase, achieving ordered recovery for efficient scarless healing.

In this research, silicone elastomer impregnated with 20(*S*)-PPD-NS was designed for a synergistic effect to achieve ordered diabetic ulcer recovery. Nanostructured lipid carriers were prepared through an emulsion evaporation-solidification method and then incorporated into a network of silicone elastomer to achieve synergy. Our previous work indicated that PPD has good anti-inflammatory and pro-neovascularization activities \[[@CR9], [@CR10]\], which could be effective in the inflammatory and proliferative phases, accelerating diabetic ulcer healing. In addition, silicone elastomer, a lightly crosslinked polymer with excellent physical and chemical properties, has been reported for wound healing and scar repair \[[@CR11], [@CR12]\]. The mechanisms are mainly related to the hydration \[[@CR13], [@CR14]\] and electrostatic field effects \[[@CR15], [@CR16]\]. If the wound site is dehydrated, the stratum corneum wound immediately signals to keratinocytes to produce inflammatory cytokines, which subsequently send a signal to fibroblasts to synthesize and secrete excessive amounts of collagen for water retention at wound sites. This process is the cause of undesirable scars. The application of silicone elastomer could replicate the stratum corneum's occlusion properties and provide improved hydration in the wound bed, which in turn inhibits cytokines, fibroblast activity, and collagen formation. Moreover, inhibition of the secretion of inflammatory cytokines could shorten the length of the inflammatory phase and promote wound healing. In addition, it has been reported that the electrostatic effect of silicone elastomers can regulate the alignment of collagen fibers and inhibit scar formation in the remodeling phase during the wound healing process.

The characterization results are shown in Table [1](#Tab1){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}. According to the literature, the particle size obtained was suitable for ensuring nanoparticle adherence and local delivery to the wound site \[[@CR35]\]. The PDI was \~0.2 for both PPD-N and the bare formulations, indicating a narrow, monodispersed distribution. The negative charges on the surface of the NLC provided formulations with good stability \[[@CR36]\]. The results of EE and DL percentages indicated that the PPD-NS has a good DL capacity, which are essential parameters in terms of drug delivery.

DSC analysis was performed to explore the crystallization changes of the lipids. The changes in thermograms between the physical mixture and the lyophilized NLC indicated that GMS in the NLC was amorphous or imperfect crystalline. Due to the presence of liquid lipids, the structure of solid lipids was destroyed, and there was a subsequent increase in amorphous or imperfect lipids, consequently generating more free spaces to entrap drugs \[[@CR37]\].

The cryo-SEM images of silicone elastomer suggested an interconnected porous architecture with apertures ranging from 300 to 600 nm in size, which was preferable for cell proliferation and migration for wound healing. Moreover, this network could serve as a barrier against bacteria entering the wound site, accelerating wound healing. The images of PPD-NS confirmed that PPD-N was in an integral particle structure and homogeneously distributed throughout the network of silicone elastomer, which was of great importance for achieving a synergistic effect on tissue regeneration.

To simulate the release behavior of PPD-NS at the wound site, the in vitro release profile was monitored. According to the literature, the pH of wound fluids is \~7--8 \[[@CR28]\]. Thus, PBS buffer containing 1% Tween 80 and 5% Labrasol (pH 7.4) was chosen as the release medium. The release curve from PPD-N and PPD-NS demonstrated a biphasic trend characterized by rapid release in 24 h and a sustained-release phase. The burst release could be attributed to the presence of liquid lipids that caused a small particle size with increased surface area \[[@CR38]\]. In addition, the cumulative amount of PPD released from PPD-NS was lower than that from PPD-N, which might result from the sequential release mechanism of PPD in PPD-NS, in which PPD-N diffused through the porous structure of the silicone elastomer first and then PPD diffused through the NLC. Both the rapid and sustained-release profiles were significant for wound healing, as the former ensured a sufficient dose to accelerate healing, while the latter process provided additional drugs in a continuous manner during the entire healing period.

Inhibition of inflammatory cell infiltration in the inflammatory phase and promotion of angiogenesis in the proliferative phase are key factors in achieving ordered diabetic ulcer recovery for scarless wound healing. In vitro evaluation results of anti-inflammation potential and angiogenesis activity are shown in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}. Compared with that in the PPD-SOL group, the significant NO inhibition in the PPD-NS group indicated good anti-inflammatory potential for accelerating wound healing. Angiogenesis is a process of new capillary network formation facilitated by the proliferation and migration of vascular endothelial cells \[[@CR39]\]. The largest number of blood vessels in the PPD-NS groups suggested good pro-angiogenesis activity, which might be ascribed to the synergistic effect of PPD-N and silicone elastomer. Continuously released from the network of silicone elastomer, PPD-N particles were internalized into HUVECs, stimulated VEGF secretion, and ultimately promoted angiogenesis. Simultaneously, owing to the porous structure, the silicone elastomer acted as a scaffold for cell proliferation and migration, which facilitated vascular regeneration. Both the anti-inflammatory and proangiogenic activities of PPD-NS were the basis for achieving ordered recovery in vivo.

To further assess ordered diabetic ulcer healing, in vivo pharmacodynamic evaluation was carried out on *db/db* diabetic mice with excisional wounds. As observed in Fig. [4c](#Fig4){ref-type="fig"}, initially, the healing rate was slow, indicating that the wound site was in a state of inflammation. Subsequently, an evident increase in the average healing rate suggested that the wound transitioned into a proliferative phase. Then, the healing rate decreased again in a final remodeling period. In the PPD-NS group, the three wound phases proceeded normally in accordance with the theoretical healing process, which indicated that ordered diabetic wound recovery was achieved.

In the inflammatory phase, the number of inflammatory cells and the levels of proinflammatory cytokines (TNF-α and IL-6) and chemokines (CXCL5) were obviously reduced in the PPD-NS groups at day 7, suggesting that inflammation was significantly inhibited. This effect might be ascribed to the synergistic healing effect of PPD-NS. Initially, PPD-N was rapidly released from the porous structure of the silicone elastomer, and a large amount of PPD-N accumulated at the inflammatory wound site in a short time. Many PPD-N particles were immediately engulfed by inflammatory cells in the inflammatory phase to inhibit inflammatory factor expression, synergistic with the function of the silicone elastomer to indirectly inhibit inflammation through hydration, successfully transitioning the wound into the proliferative phase.

During the proliferative phase, PPD-N particles underwent sustained and continuous release from the silicone elastomer network and were internalized by HUVECs to stimulate VEGF secretion and promote angiogenesis, exerting a synergistic effect with the silicone elastomer, which acted as a scaffold for HUVEC migration to accelerate blood vessel regeneration. As a consequence, many blood vessels were observed in the regenerated tissue treated with PPD-NS, while negligible newly formed blood vessels formed in the PBS and PPD-S groups. Correspondingly, the protein levels of VEGF in the PPD-NS group were obviously higher than those in the PPD-S group in the proliferative phase, demonstrating the excellent proangiogenic capability in the PPD-NS group due to the synergistic effect. Newly formed blood vessels could benefit wound healing remarkably because of the oxygen and nutrients they supply to the granulation tissue \[[@CR40]\]. These vessels could serve as bridges for cells in the blood to migrate to the wound sites and adjust wound regeneration.

When almost closed, the wounds transitioned into the remodeling phase. The silicone elastomer present at the wound site formed a thin film that provided a level of hydration and indirectly inhibited the synthesis of collagen. Meanwhile, the static electric field generated between the silicone elastomer and the new epidermis regulated the orientation of collagen, which effectively attenuated scars. The orientation of collagen fibers is a key factor in evaluating scars because of the different mechanical forces produced by different arrangements. In previous studies, collagen with a uniform orientation always generated a strong contraction force and resulted in scar formation, which was harmful to the growth of skin appendages in the epidermis \[[@CR41], [@CR42]\]. The collagen deposited in the PPD-NS group had a multiangle orientation with obvious skin appendages, suggesting complete regeneration of the tissue. In addition, the collagen composition is also an important factor in evaluating the wound healing effect. According to the literature, both type III collagen and type I collagen can support the extracellular matrix and facilitate wound healing. However, excessive secretion of type I collagen might result in a disordered fiber structure and scar formation. Therefore, a low ratio of type I/III collagen content was indicative of improved regeneration \[[@CR43]\]. There was a lower ratio of type I/III collagen in the PPD-NS group, indicating a scarless diabetic ulcer healing effect due to synergy in the PPD-NS group.

Overall, due to the synergistic effects of different properties of PPD-N and silicone elastomer, the developed PPD-NS facilitated ordered diabetic ulcer recovery via multifunctional improvement during the three important wound-healing phases, ultimately achieving scar-free healing.

Conclusion {#Sec28}
==========

In this research, silicone elastomer impregnated with 20(*S*)-PPD-NS was designed with good EE, DL efficiency, and sustained-release properties. This formulation exhibited excellent anti-inflammatory and proangiogenic capacity in vitro, and ordered wound recovery was successfully achieved in vivo through suppression of inflammatory infiltration, promotion of angiogenesis, and regulation of collagen during the inflammatory, proliferative, and remodeling phases, respectively. Owing to the synergistic effect of PPD-N and silicone elastomer in each healing phase, PPD-NS could be a promising candidate for scarless diabetic wound healing.
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